Biochemical studies suggest that G proteins mediate a variety of signaling processes in plants, yet Arabidopsis has only one gene, GPA1, for a canonical G protein α α subunit. Recent studies indicate that the GPA1 protein is involved in a number of very different cellular processes.
In the movie Dr Strangelove, Peter Sellers played three different characters, displaying his artistic talents. Equally impressively, in many traditional Chinese operas and plays, a single actor can assume several different roles by changing voices or wearing 'double' costumes. A protein involved in signal transduction in plants has now been shown to exhibit similar versatility. The small flowering plant Arabidopsis has just one gene, GPA1, coding for a canonical heterotrimeric G protein α subunit. Two recent studies, by Ullah et al. [1] and Wang et al. [2] , have revealed that GPA1 is involved in the regulation of both cell proliferation and stomatal opening.
Heterotrimeric G proteins play important roles in a variety of signaling pathways in animals and simple eukaryotes. They consist of α, β and γ subunits, the α subunit being the one that binds GTP or GDP [3, 4] . Activation of a heterotrimeric G protein involves exchange of GTP for bound GDP and consequent dissociation of the α subunit and βγ dimer. Fittingly, animals have families of genes encoding each of the three conserved subunits [4] . The combination of different subunits can produce dozens of different heterotrimers. Mammalian genomes generally encode about 20 distinct α subunits. Different α subunits have distinct functions: for example, the transducins mediate light signaling in the retina of the eye, whereas G olf is required for olfactory signal transduction.
Plant cells also respond to a variety of signals, such as light, temperature, plant hormones and molecules from microbial pathogens. Biochemical and pharmacological studies have provided evidence that G proteins are involved in several signaling pathways in plants [5, 6] . For instance, the results of GTPase and immunological studies, and of experiments with bacterial toxins that modify G proteins, indicate that the blue-light regulated response in pea seedlings involves a G protein [7] . The plant response to red light is also thought to be mediated by G proteins [8] . Analyses using GTP analogs and toxins also strongly support the idea that one or more G proteins regulate K + channels in guard cells, the specialized epidermal cells that flank stomatal pores and control gas exchange across leaf surfaces [9, 10] . Studies of these kinds suggested that, like animals, plants should have multiple G protein genes. But after the first plant Gα gene, GPA1, was cloned [11] , subsequent work suggested that it might be the sole Gα gene in Arabidopsis. The completion of the Arabidopsis genome sequence has confirmed that it does indeed have only one gene for a prototypical Gα subunit [4] . Can the single GPA1 protein perform all the roles that have been attributed to G proteins in plants?
Following the cloning of GPA1, it was shown that the gene is expressed most highly in actively dividing cells, suggesting that it may play a role in promoting cell proliferation [12] , consistent with the known functions of G proteins in animal cell growth. For several years, however, this hypothesis could not be tested, because no loss-of-function mutation was available. To obtain such mutations, Ullah et al. [1] screened Arabidopsis lines carrying mutagenic insertions of T-DNA elements derived from the soil bacterium Agrobacterium tumefaciens. They found two independent T-DNA insertions in the GPA1 gene, which allowed the long-awaited functional analysis of GPA1 [1] . No mutant GPA1 proteins could be detected in plants carrying the insertions, so they are likely to be null mutations.
Analysis of these gpa1 mutants by Ullah et al. [1] revealed that they indeed show reduced cell division in both seedling leaves and stem. In light-grown mutant seedlings, leaf cell number was reduced, although leaf size was nearly normal as a result of increased cell size. Leaves of older mutant plants also had fewer cells than wild-type leaves. In the seedling stem, or 'hypocotyl', a decrease in cell number resulted in reduced stem length when the seedlings were grown in the dark. The effect of the gpa1 mutation on cell division was shown using a mitotic reporter gene. In contrast to the discrete and intense signal of reporter gene expression seen in the wild-type seedlings, the expression of the reporter gene in the mutant was at a greatly reduced level and in a diffuse pattern.
The reduced reporter gene expression in the gpa1 mutants can be explained by their cells having an abnormally long G1 phase. This is consistent with the observation that G1 phase was shortened in tobacco cells overexpressing the GPA1 gene [1] . It is well known that the plant hormone auxin regulates cell division. Indeed, control tobacco cells R870 Current Biology Vol 11 No 21 without GPA1 overexpression required auxin to reach the level of cell division seen in the GPA1-overexpressing cells [1] . It is not known, however, whether GPA1 is involved in an auxin-dependent pathway or a parallel pathway of cellcycle regulation.
What might be the signal that regulates cell division in this case? The shape of the mutant leaves provided some clues. Unlike the normal oblong shape of wild-type leaves, the gpa1 mutant leaves are more round, similar to the leaves of the rotundifolia3 mutant [13] . The rotundifolia3 mutation affects a cytochrome p450 that is similar to enzymes of steroid biosynthesis, suggesting that it might be involved in the synthesis of the plant steroid hormone brassinosteroid [13] . This idea is supported by the observation that the gpa1 mutant is altered in response to brassinosteroid [1] .
If GPA1's role in regulating cell proliferation is an example of conserved G protein function between eukaryotic kingdoms, then its recently discovered [2] involvement in the control of stomatal opening by the plant hormone abscisic acid (ABA) is a clear case of a plant-specific signaling event. Stomata are pores on the surface of higher plant leaves which have largely non-photosynthetic epidermal cells and internal photosynthetic cells. Stomata control the gas exchange across the leaf surface, allowing carbon dioxide to reach internal leaf cells for photosynthesis and at the same time minimizing loss of water as vapor. The degree of stomatal opening is regulated by the availability of water, carbon dioxide and light [14] . For example, stomata generally open in the light and close in the dark. It is known that stomatal aperture is determined by guard cell ion channel activities, and ABA plays a critical role in the regulation of such ion channels.
ABA prevents stomatal opening in part by inhibiting an inwardly rectifying K + channel [14] . Earlier studies suggested that at least one G protein is involved in the inhibition of inwardly rectifying K + channels and consequent stomatal opening [9, 10] . Other studies, however, suggested that G proteins may have a stimulatory effect on stomatal opening [15, 16] . Is GPA1 the Gα involved in the regulation of stomatal opening? If so, does it have inhibitory or stimulatory effects? Wang et al. [2] addressed these questions using the gpa1 mutant. First, they demonstrated that GPA1 is indeed expressed in guard cells, and that the gpa1 mutant lacks such expression. Next, they found that the usual inhibition of stomatal opening by ABA does not occur in the gpa1 mutant. Furthermore, the inward K + current of guard cells is not inhibited by ABA treatment in the gpa1 mutant as it is in wild type. Wang et al. [2] were thus able to show that GPA1 is required for the ABA inhibition of both stomatal opening and inwardly rectifying K + channels.
ABA not only inhibits stomatal opening, but also promotes stomatal closing, for example under drought conditions. ABA does this by activating anion channels for Cl -and malate efflux, thereby reducing turgor pressure of the guard cells. ABA stimulation of stomatal closing is thus mechanistically different from ABA inhibition of stomatal opening. Is ABA-stimulated stomatal closing also mediated by GPA1? Using guard cell protoplasts with a strong cytoplasmic buffer, Wang et al. [2] found that, in the gpa1 mutant cells, the anion currents induced by ABA were indeed greatly reduced relative to those in wild-type cells. It was therefore surprising when they found that stomatal closing occurred normally in response to ABA in the gpa1 mutant leaves.
How can this apparent paradox be resolved? ABA normally elevates cellular pH, but the first experiment was done with a strong cytosolic pH buffer. Wang et al. [2] therefore modified their experimental conditions to allow pH to change during the experiment [2] . This time they found that wild-type and gpa1 mutant cells exhibited similar ABA-activated anion channel currents. The implication is that there is a pH-dependent, GPA1-independent pathway for regulating the anion channels in response to ABA. When pH changes in guard cells were greatly attenuated by applying a membrane permeable weak acid on leaves, ABA activation of stomatal closing was dramatically reduced in both wild-type and gpa1 mutant plants.
These two studies clearly established that GPA1 is involved in two very different processes: cell division and ABA regulation of stomatal opening. Is there any other signaling pathway which requires GPA1 function? The plant hormone gibberellic acid (GA) regulates a number of processes in higher plants, including seed germination, stem elongation and flowering [17] . Biochemical evidence supports the idea that a heterotrimeric G protein is involved in GA-stimulated α-amylase gene expression during seed germination in oat [18] . Ullah et al. [1] found that the gpa1 mutants are less sensitive to GA than normal, suggesting a role of GPA1 in Arabidopsis GA responses. In addition, a GPA1 homolog was found to be mutated in the rice dwarf mutant d1, which exhibits GA response defects [19] . Because GPA1 and its homologs in higher plants are highly conserved at the sequence level, GPA1 may play a conserved role in mediating GA responses.
What might be the cognate receptors for GPA1 in these responses? The short answer is that we do not know yet. Arabidopsis genomic sequence has revealed a number of predicted genes for proteins resembling typical G-coupled receptors. The functions of these putative receptors are not clear, however. One of the putative receptors was reported to affect the response to the plant hormone cytokinin [20] , but unfortunately it was later found that the abnormal response to cytokinin was caused by an unrelated mutation [21] . In contrast to the lack of information on G-coupled receptors in plants, a wealth of information is available on other types of plant receptor. In particular, the BRI1 protein, with a leucine-rich repeat extracellular domain, and a cytoplasmic protein kinase domain, is required for response to brassinosteroid hormones [22] .
Evidence has recently been reported that other kinds of proteins can activate G proteins in a receptor-independent fashion [23] . One example is a small GTP-binding protein.
Plant signals may activate heterotrimeric G proteins by mechanisms of this kind. For example, light and brassinosteroid signaling was recently found to involve a small GTP-binding protein [24] . It is possible that, in response to the brassinosteroid hormone, the BRI1 protein can activate a small GTP-binding protein, which in turn can then activate GPA1 which turns on downstream effector proteins. Clearly we are at an early stage in the analysis of plant G proteins, but rapid progress should now be possible, with the availability of genome sequence data and reverse genetic tools, and given the relatively few genes plants appear to have for G protein subunits.
